Consistency of pH standard values with the corresponding thermodynamic acid dissociation constants (Technical Report)
Reference E 1 e c t r o d e Abstract: With the simplest possible assumptions on the ion activity coefficients, namely a DebyeHuckel approach, pH values of eleven standard buffer solutions have been calculated from the corresponding thermodynamic acidity constants, K++o,, and compared to the electrometrically assigned pH(S) values (by Harned cell method). Agreement is within kO.01 in the temperature range 10-40°C for all standards, except carbonate. The results for the phthalate, acetate, phosphate and carbonate systems at 25°C indicate that this consistency is improved if specific ion interactions are taken into account, according to the Pitzer theory. 
p(a, ycl
where mo = 1 mol kg-' represents the standard state condition.
A quantity, p(a, ycl), is expressed in terms of known and experimentally determined quantities, in which the Bates-Guggenheim convention for the ion size parameter [2] has been introduced, Ba = 1.5. A is the Debye-Huckel limiting slope and Zi is the ion electric charge
The pa, values thus obtained are conventionally adopted as reference values pa, = pH(S) (7) All measured pH(X) values depend on the material chosen for reference solution [6, 7] , as a result of (i) the validity of the Bates-Guggenheim convention for each standard solution through other models of electrolyte solutions in order to recommend a broader and more realistic basis. pH(S) values are conventionally assigned to chosen reference buffer solutions which are variously referred to as RVS (potassium hydrogen phthalate), PS (NBSNIST reference buffers 2 < pH < 10) and S (other recommended buffer standards) [l] .
An alternative method of assignment of pH to reference buffers, has been proposed based on the thermodynamic ( I = 0) acid dissociation constants of the weak acids involved. With the use of computational techniques, the method has initially been developed for triacids, H,A [8], and is redrawn ( Fig.2) for diacids, H,A. 
METHODOLOGY
Expressing the thermodynamic acid dissociation constants, K, and K, in terms of the stoichiometric equilibrium constants, K,' and K ; , assuming the activity coefficient y = 1 and designating the activity coefficients of singly and doubly charged species by y, and y, , gives H2A a a
All concentrations may be evaluated by combining equilibrium, mass balance and electroneutrality equations m = m , A + mm + mA (10) 2 where a, m and yrepresent the activity, molality and activity coefficient, respectively, of the species From equations (8-1 l), one obtains
where the term K,K; K; , where K, is the ionic product of water, has been neglected.
The activity coefficients are calculated separately, assuming that
Y2=y4

(14)
whose calculation requires the knowledge of the ionic strength I.
Starting with a reasonably estimated value of I / mol kg-' (I = m-ma, where ma is the analytical molality of the acid in the buffer mixture) one can iterate all the parameters until agreement to within is reached. The Bates-Guggenheim convention is adopted for yc, , Ba = 1.5, but calculations were also , may also be calculated by means of the Pitzer theory [9] in which specific ion interactions are taken into account. Determination of ;v, values by following a similar methodology, enables one to evaluate pH and related quantities, as shown in Fig. 3 . Table 2 shows the differences between pH values calculated from K, , K, , K3 , by using Debye-Hiickel equation (Ba = 1 .O; 1.5; 2.0) or from Pitzer theory at 25 "C and those conventionally assigned at 0, 25 and 50 "C. Figure 4 shows differences between the pH(ca1c) and pH(S) values when the Bates-Guggenheim convention is adopted. For all standard buffers studied [lo-181, except carbonate and tartrate, the consistency between pH(S) and pH(ca1c) is satisfactory, i.e. it equals to kO.01 in the temperature range 10-40°C. For the tartrate buffer much closer agreement can be reached if different literature values [ 191 of acidity constants are used. This may bring questions about the correctness of the reported values [18] which have been, nevertheless, selected for the consistency of data source. At lower and higher temperatures results may indicate incorrect pH(S) or pK values.
The activity coefficients,
RESULTS
With the use of literature data of Pitzer parameters [9, 201, for the standard pH buffers [21] , the evaluation of pH for the acetate buffers as well as for the equimolal phosphate buffer, the blood phosphate buffer and the carbonate buffer at 25°C was possible [20] . Recently published value for the potassium hydrogen phthalate buffer [22] is also included in the calculation of the differences relative to conventionally assigned pH values, presented in Table 2 .
DISCUSSION AND CONCLUSIONS
If the Bates-Guggenheim convention is used for calculating the ionic activity coefficients for the standard buffer solutions studied, then differences between the assigned pH values and those calculated here are smaller than 0.0 1, in the temperature range 1 O-4O0C, except carbonate and tartrate. With the individual species activity coefficients evaluated by means of the Pitzer theory, the pH (calc. Pitzer) equals pH(S) for the phosphate and 0.01m acetate systems. This difference is larger for the carbonate buffer and equals to -0.016 but this is reduced to -0.008 when the calculations were repeated with the pK, and pK, values of . This shows that there is a good consistency of the pH reference values with the corresponding thermodynamic acid dissociation constants, when either the Bates-Guggenheim convention or the Pitzer equations are used for evaluation of the activity coefficients, provided that the ionic strength of these solutions is not higher than 0.1 mol kg-'.
The adoption of the Pitzer approach leads to the assignment of pH values to reference buffers in a wide range of ionic strengths. This assignment is based on a sound scientific model which takes into account specific interactions of ions. The presented methodology is universal; it overcomes the limitations of Bates-Guggenheim convention.
Unfortunately, data for other systems are insufficiently extensive to allow the calculation of the required Pitzer coefficients.
